Effects of concentrations of intracellular calcium, [Ca 2+ ],, on the voltage-dependent Ca 2+ current cJ recorded from dispersed single smooth muscle cells of the rabbit portal vein were studied, using a whole cell voltage clamp method combined with an intracellular perfusion technique. Outward currents were minimized by replacement of Cs + -rich solution in the pipette and 20 mM tetraethylammonium in the bath. The 1^ was evoked by command pulses of above -30 mV, and the maximum amplitude was obtained at about 0 mV. This 1^ was dose dependently inhibited by increases in the (Circulation Research 1988;62:375-383) 
Regulation of Calcium Current by Intracellular Calcium in Smooth Muscle Cells of Rabbit Portal Vein
Yusuke Ohya, Kenji Kitamura, and Hirosi Kuriyama
Effects of concentrations of intracellular calcium, [Ca 2+ ],, on the voltage-dependent Ca 2+ current cJ recorded from dispersed single smooth muscle cells of the rabbit portal vein were studied, using a whole cell voltage clamp method combined with an intracellular perfusion technique. Outward currents were minimized by replacement of Cs + -rich solution in the pipette and 20 mM tetraethylammonium in the bath. The 1^ was evoked by command pulses of above -30 mV, and the maximum amplitude was obtained at about 0 mV. This 1^ was dose dependently inhibited by increases in the [ 2+ channel of egg cell membranes of marine polychaetes was inactivated only in a voltage-dependent manner, 3 as in the Na + channel of squid giant axons. 4 On the other hand, there is evidence that an increase in the intracellular Ca 2+ concentration ([Ca 2+ ],), either due to released or influxed Ca 2+ , participates in the initiation of inactivation of the Ca 2 + channel of neurons and skeletal and cardiac muscle cells. For example, 1) increases in the [Ca 2+ ], have been shown to suppress the amplitude of Ca 2+ current (IcJ. 56 2) The inactivation curves obtained from double pulse studies are "U" shaped, which indicates that the inactivation depends on the Ca 2+ inflow during applications of conditioning pulse. 3) Intracellular application of ethylene glycol bisOS-aminoethyl ether)-N,N,W,./V'-tetraacetic acid (EGTA) has been shown to slow the decay of 1^, and weaken the inhibition of l^ as observed using the double pulse protocol. *• 10 4) When charge carriers of the Ca channel are replaced from Ca 2+ to B a , decay of the Ba current (I,J has been shown to be slower man the decay of the I c , . "
In a previous paper, we proposed the possible involvement of a Ca 2+ -dependent mechanism in the inactivation of 1^ obtained in intestinal smooth muscle cells 12 because the inactivation curve obtained using the double pulse protocol was U shaped and because decay of the inward currents slowed when Ba 2+ 
Materials and Methods

Preparations of Single Smooth Muscle Cells
Single smooth muscle cells of the rabbit portal vein were prepared by enzymatic treatment as described by Inoue et al." Briefly, male albino rabbits (Nippon White, 1.8-2.0 kg) were anesthetized with sodium pentobarbital (40 mg/kg i.v.) and exsanguinated. The portal vein was excised, connective tissues were carefully removed, and the endothelium was rubbed off with a cotton swab. The muscle layer was then cut into small pieces in Ca 2+ -free solution containing (mM) NaCl 145, KC1 6, 4-(2-hydroxyethyl)-l piperazine ethansulfonic acid (HEPES) 10, glucose 12, pH 7.3 titrated with tris (hydroxymethyl) aminomethane (Tris + ). After 15 minutes incubation in Ca 2+ -free solution, the tissues were transferred into another vessel filled with the same solution containing 2 mg/ml collagenase (clostridio peptidase A; Boehringer-Mannheim, Mannheim, Federal Republic of Germany). After 30 minutes incubation for digestion of the tissue at 36° C, single cells were dispersed by gentle agitation using a glass pipette in fresh Ca 2+ -free solution. The cells were stored in a stock solution (0.5 mM CaCl 2 was added to the Ca 2+ -free solution) containing 2 mg/ml bovine serum albumin (essentially fatty acid free) and 1 mg/ml trypsin inhibitor (type II-s; Sigma Chemical, St. Louis, Missouri). Spindle-shaped single smooth muscle cells (5-10 fim diameter and 150-250 ^tm length) were obtained. Experiments were performed within 3 hours after the cell harvest.
Electrical Recordings
The cell suspension was taken into a small chamber (0.2 ml) and placed on the stage of a microscope (TMD-Diaphoto, Nihon Kogaku, Tokyo, Japan). Whole cell voltage clamp was performed with a suction pipette through a single electrode voltage clamp amplifier.
l7 " The recording conditions of the amplifier were the same as those described in our previous reports.
1219 - 20 Patch pipettes (resistances of 2-4 MO) made of Pyrex glass capillary tubes were prepared as described by Hamill et al. 21 After formation of the pipette-membrane seal with a high resistance (over 5 Gil), the patch membrane was disrupted by a negative pressure (10-30 mm H 2 O).
Electrical responses were displayed on a storage oscilloscope and simultaneously stored in a videocassette recorder (NV-880HD, National, Osaka, Japan) through a PCM converting system (PCM-501ES, Sony, Tokyo, Japan; 16 bit, sampling frequency of 44 kHz) with a built-in low-pass filter (four poles Bessel type active filter, 3 kHz).
Experiments were carried out using short cells (150 /nm length) to achieve an isopotential throughout the cell and a rapid internal perfusion. Although difficulties for the satisfactory voltage clamping of longer cells have been previously mentioned, 12 the five times higher input resistance achieved in the present experiments compared to that reported previously 12 (5 GCl versus 1 Gft) and the small amplitude of 1^ allowed improved voltage control.
u Further evidence of the isopotential state of the cells was provided by the current-voltage (I-V) curve in which no abrupt increase in the inward current was seen, which would have indicated loss of voltage control. 23 To prevent a run-down phenomenon of the 1^, or Ig,, a 250-msec command pulse to 0 mV (for 1^ or to -10 mV (for Ifj from the holding potential of -60 mV was applied every 30 seconds, except for measurements of the current-voltage relation (I-V curve) and the double pulse studies. Five millimolar ATP present in the pipette solution also prevented the run-down of 1^ in smooth muscle cells 19 as is also the case with neurons and cardiac muscle cells.
ua* Under such conditions, the amplitude of L^, was preserved for more than 20 minutes after initiation of the current recording. 19 '
20
Solutions
The bath solution of the following composition was used throughout the current recording (mM): NaCl 120, tetraethylammonium chloride (TEA Cl) 20 All experiments were performed at room temperature (20-26° C).
Intracellular Perfusion Procedures
To control the intracellular constituents while recording the current, the pipette solution was exchanged using the modified "intracellular perfusion technique" introduced by Soejima and Noma." Apparatus and procedures were the same as described by In brief, a heat-formed fine polyethylene tube, connected to a reservoir filled with a test solution, was inserted into the suction electrode at a distance of 100-300 fxM behind the tip. Exchange of the solution was performed by applying a negative pressure to the suction pipette and by a positive pressure to the inserted tube by lifting the reservoir. Exchange of the pipette solution was confirmed by checking the volume of the solution leaving the pipette holder (0.03-0.05 ml/min). . Pipette solutions and procedures for the pipette-membrane seal and rupture were the same as those used for the whole cell voltage clamp study. After rupture of the patch membrane, the contraction was initiated. The cell length was measured on photos taken before and after the contraction. The shortening was expressed as a relative length. (The cell length before rupture of the patch membrane was normalized as 1.0.)
Data Analysis
To estimate the relation between the inhibition of I against the [Ca 2+ ] i , the extent of influx of Ca 2+ provoked by the conditioning pulse was estimated from the integral of the l^ (Jldt) evoked by the conditioning pulse (200 msec) and expressed as nanocoulomb (nC).
To normalize amplitudes of the 1^ obtained from individual cells, the 1^ was expressed as a current density and calculated as follows: the maximum amplitude of the Ic. was divided by the cell capacitance (FIAJFJUF), estimated from the capacitive current evoked by the potential step from -60 to -50 mV.
The steady-state inactivation curve of 1^ was drawn by fitting the data to the Boltzmann distribution:
where P is the probability of being available to open to a test depolarization; V is the conditioning command potential; V h is the conditioning command potential required for the half inhibition of the 1,^; k is the Boltzmann coefficient.
If it is assumed that inactivation of the Ca 2+ channel would be caused by the Ca 2+ binding, the dissociation constant (KJ and the Hill's coefficient (n) for the inhibition of I,-, can be determined by fitting the data to the following equation:
where ic, is the maximum current amplitude recorded in various [Ca 2+ ] i ,andi Cl 'isthat recorded in the absence of Ca 2+ (10 mM EGTA) in the pipette. Fitting the data to each equation was performed using the nonlinear least-squares method. The data are given as mean±SD. Statistical significance was determined by Student's t test (paired or unpaired), and level of significance was p<0.05. Figure 1A ]i was initially applied (the control), and various [Ca 2+ ] ; (10-1,000 nM) were perfused into the cell. Increases in the [Ca*], significantly inhibited the amplitude of Ic, in a dose-dependent manner (10 nM, 0.85±0.12, n = 7; 100 nM, 0.53±0.18, « = 8; 1,000 nM, 0.11 ±0.14 times the control, n = 5). Half inhibition of the Ic, was observed at about 120 nM2+ [ C a ] , . On the other hand, when [ C a ] ; was reduced from 100 to 3 nM (the amplitude of I^ in 100 nM [ C a ] | was normalized as 1.0), the Ic was gradually enhanced, and the amplitude was increased to 2.2 times the control ( Figure 2A ). The mean value was 1.9 ±0.62 times the control (n = 9, Figure 2B ). ], was increased from 3 nM (control) to 100 nM using the intracellular perfusion technique, and reductions in amplitudes of the Ig, were investigated ( Figure 3A) . Amplitudes of the I,,, were gradually decreased in proportion to increases in the ]; was increased to 100 nM, the 1^ was consistently suppressed at any given command potential (to 0.5-0.65 times the control). the steady state of the 1&, conditioning pulses of 5 seconds with various intensities were applied, and subsequently, to evoke the 1^, the test pulse (0 mV, 50 msec) was applied at the holding potential of -80 mV. (The interval of two pulses was 10 msec.) Similar steady-state inactivation curves were obtained with 3 and 100 nM [Ca 2+ ],, as shown in Figure 5 (3 nM, k = 7.2 and V h = -3 8 mV; 100 nM, k = 7.3 and V h = -4 0 m V ; n = 5-7).
Results
Effects of [
Effects of [Ca
Inhibitions of the 1^ were also studied using a different double pulse protocol with a short conditioning pulse (200 msec). The conditioning (up to +50 mV) and test (0 mV, 50 msec) pulses were separated by an interval of 100 msec to minimize the influence of the noninactivated Ca 2+ current and of contaminating currents such as the Ca 2+ -dependent Cl~ current, etc. Figure 6A shows a typical result obtained from one cell for which two EGTA concentrations (0.1 and 1 mM) were used for the pipette solution. In this experiment, CaCl 2 was not added to the pipette solution. The amplitudes of l^ were larger in the presence of 1 mM EGTA than those of 0.1 mM EGTA. With application of the conditioning pulse of -30 mV, the Ic, evoked by the test pulse was inhibited, and application of the conditioning pulse of 0 mV further inhibited the 1^. However, when the conditioning pulse of + 50 mV was applied, the amplitude of l^ was partly restored. Figure 6B shows the relative amplitudes of 1 mM, 1 mM) times the control in 1 mM EGTA) ( Figure 6B ). To clarify the relation between the Ca 2+ influx and the inhibition of 1^, the amount of Ca 2+ influx induced by the conditioning pulse was estimated from a total area of the inward current and was plotted against the relative amplitude of 1^ evoked by the test pulse ( Figure  6C ). The amplitude of l^ evoked by the test pulse and the amount of Ca 2+ influx were inversely related. However, when the same amount of Ca 2+ influx was obtained at two different conditioning potentials, the higher conditioning pulse inhibited the 1^ to a greater extent. Increases in the concentration of EGTA from 0.1 to 1 mM shifted the relation between the l^ and the influx of Ca 2+ to the right and upward.
Relation Between [Ca 2 *] i and Inhibition of I CA or Shortening of the Cell
To investigate whether or not the level of [Ca 2+ ], required to produce the contraction was sufficient to inhibit the l^,, the amount of [Ca 2+ ], required to produce mechanical responses was estimated from shortening of the single cells. In the Ca 2+ -free bath solution containing Mg 2+ , lengths of single cells of the rabbit portal vein ranged from 150 to 250 /urn. The introduction of Ca 2+ into the cell by passive diffusion through the pipette led to cell contraction. After measuring the cell shortening, the bath solution was replaced with solution containing Ca 2+ , and the 1^ was recorded. The amplitude of Ic, was expressed (jxAJfiF) as the current density. Figure 7 shows (Figure 7 ), the Kj value was 65 nM, and the Hill's coefficient was about 1.0. Plant et al 6 proposed that a Ca 2+ binding site linked to the inactivation mechanism is located near the inside mouth of the Ca 2+ channel in neurons. The present results also suggest the presence of a Ca 2+ binding site on the inside of the plasma membrane, and the stoichiometry of Ca 2+ to the binding site seems to be 1:1. When we assumed that the Hill's coefficient was 1.0 and the i^' was the same as i,-, measured in the presence of 3 nM [Ca 2+ ] 2 , the K d value of 106 nM could be obtained from the data of Figure 1 , and this value was roughly the same as estimated from the data shown in Figure 7 . This K d value was slightly smaller than that observed in Helix neurons (1 fiM), but was much the same as observed in snail and rat neurons.
In the present experiments, the calcium concentration in the pipette was assumed to be [Ca 2^, and this value may differ from that obtained by direct measurement using a calcium-sensitive microelectrode. 34 We think that internal perfusion could achieve complete replacement of the intracellular fluid within 10 minutes as the amplitude of 1^ did not change subsequently and a good dose-response relation was observed." Although the calculated [ 40 In the present study, as we did not find any evidence that suggested two types of Ca 2+ channels in the smooth muscle cells of rabbit portal vein, the possible contribution of two such Ca 2+ channels was not taken into consideration for measurement of the In smooth muscle cells, the inactivation curve obtained from the double pulse study with a short conditioning pulse was U shaped, 1314 " and the inhibition of I,;, was closely related to the influx of Ca 2+ during the conditioning pulse. In the present experiments, increases in the concentration of EGTA suppressed the inhibitory effect induced by the conditioning pulse. These results are in good accord with a Ca 2+ -dependent inactivation mechanism of the Ca The voltage-dependent inactivation mechanism of the Ca 2+ channel in smooth muscle cells was also elucidated from the following evidence: 1) The steadystate inactivation curve was initiated at the command potential where the ^ was not generated (Figure 4) . 2) When the conditioning pulse was sufficiently long, turn-up of the inactivation curve observed at high command-potential levels was suppressed in the double pulse study." 3) Inhibitions of the 1^ could not solely be explained quantitatively by the amount of influx of Ca 2+ induced by the conditioning in the double pulse study with a short conditioning pulse; that is, higher conditioning depolarization inhibited the 1^, to a greater extent even when the amount of Ca 2+ influx induced by the conditioning pulses was the same with higher and lower conditioning depolarizing pulses ( Figure 5 ).
Single smooth muscle cells of the rabbit portal vein contracted with application of over 100 nM [Ca 2+ ] |( and the maximum shortening was observed at 1 fiM. This Ca 2+ sensitivity of the mechanical response was much the same as that observed in skinned muscle tissues of the rabbit mesenteric artery determined using the isometric tension recording methods. 2341 Therefore, the perfusion of Ca 2+ , in a passive manner, into the cytosol from the pipette was considered to be adequate.
The [Ca 2+ ], at the resting state in vascular smooth muscle cells was about 100 nM, as estimated from experiments using Ca 2+ -sensitive dyes, quin2 and fura2, 4243 and also from the Ca 2+ sensitivity of skinned smooth muscle tissues. 2340 Therefore, about 50% of the Ca 2+ channel may be inactivated during the resting state. The role of these inactivated Ca 2+ channels at the resting state, in relation to the contraction-relaxation cycle in the smooth muscle cells, has yet to be clearly defined. However, together with other factors, such as ]j in smooth muscle cells of the rabbit portal vein.
